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ABSTRACT 

We predict the presence of a spectral feature in the isotropic cosmic. 
g-a ray background associated with gravitino decays at high redshifts. 
With a gravitino abundance that falls in the relatively narrow range 
expected for thermally regenerated gravitinos following an inflationary 
epoch in the very early universe, gravitinos of mass several GeV are 
found to yield an appreciable flux of 1 - 1OMeV diffuse g-a rays. 

Decays of long-lived particles can have significant astrophysical implications. Decay prod- 

ucts may produce far ultraviolet background photons’ , and even yield a uniform cosmological 

density of dark matter.2 There is one class of particle, common to most phenomenological 

supersymmetry theories, whose long-lived decay has a significant effect that appears to have 

hitherto been overlooked. We shall show below that gravitino decays are likely to lead to an 

appreciable diffuse cosmic g-a ray background. Decays of primordial gravitinos can also 

present a severe embarassment to cosmological models, via effects on primordial nucleosynthesis 

and microwave background distortions. 3--8 One promising solution is that an epoch of inflation 

diluted the primordial gravitino abundance to an acceptable level.g Gravitinos are regenerated 

during the reheating process after inflation, and hence the reheating will be subject to the 

constraints from gravitino decays. Remarkably in thii case, we find that the predicted flux of 

diffuse cosmic g-a rays resulting from gravitino decays in the early universe is similar to 

the observed g-a ray background for a wide range of gravitino masses, provided that the 

maximum temperature to which the universe reheats after inflation lies in an acceptable range. 

Despite all the uncertainties regarding the model dependent particle spectrum in locally 

supersymmetric theories, there are at least two things which are common to all; 1) there 

is one stable particle and 2) one somewhat long-lived sparticle. The existence of a stable 

supersymmetric particle (sparticle) is due to the R-symmetry which requires a sparticle to decay 

into anything + an odd number of other sparticles. Hence the lightest sparticle is forbidden 

to decay. By a long lived particle, we mean one in which its decay rate is proportional to 

the gravitational constant GN = M; 2. The gravitino is an example of such a sparticle and 

depending on its mass may indeed be very long lived. 
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The identity of the LSP, is of course the subject of debate. In a wide class of models, 

the LSP is either the photino’“~” or Higgsino (or a mixed state of the two)‘“, while other 

candidates are the sneutrino l3 or the axino”. In this Letter, we will assume that the LSP 

is the photino and comment on the other possibilities in our conclusions. Provided that the 

gravitino is not the LSP, then it will be unstable to decay into lighter sparticles. For simplicity, 

we will take the photino to be the only sparticle lighter than the gravitino. Other models in 

which for example both photinos and gluinos are lighter than the gravitino will not drastically 

affect our ensuing discussion. The decay rate for gravitino + photon + photino has been 

calculated”*’ and can be expressed as 

I+ = Bram$2/Mpl 

where the “coupling” cz depends on the photino mass 

Q = (32r)-’ [1- (m3f2/m;)2]s 

(1) 

Hence a gravitino with mass ms/a < IOOGeV will have a lifetime r > 4 x lO*s. 

Because of their late decays into photons, the abundance of gravitinos (with respect 

to photons, for example) becomes very important. Various liits from entropy production’, 

overall mass density of the decay products 11*12**, distortions of the microwave backgrounds~e~8, 

and the destruction of primordial deuterium place limits on the gravitino abundance Y which 

we define as 

Y = n3f2h (3) 

where n7 is the number density of photons today. The strongest of these limits implies that’** 

Y < 10-l’. (4) 

In a standard (non-inflationary) model, one would expect that initially ( before decou- 

pling) Y = 1 and that through the annihilation of all other particle species the abundance 

3 



would be brought down to Y - l/No - lo-’ today where ND is the total number of degrees 

of freedom at gravitino decoupling. This leads to a catastrophe if gravitinoe are long- lived, 

since the expansion of the universe becomes dominated by non- relativistic particles far too 

early. Inflation resolves this problem by diluting the primordial gravitino abundance to a neg- 

ligible level. However, after inflation, the Universe will reheat to some temperature TR, during 

which additional gravitinos will be produced. One can estimate the secondary production of 

gravitinos ag12 

Y-dN 
- uT,JMp - 2 x 10-aTn/MP 

for the gauge coupling oo - l/25 and N - 300. This agrees very closely with a more exact 

calculation6 which yields Y = 2.8 x 10T3T~/MP. Thus the final abundance Y of gravitinos will 

be determined by TR, and the limits on Y (eq. 4) become limits on TR. 

Many models of supersymmetric inflation” generally predict a low value for TR. In these 

models, the superpotential f (which generates the scalar potential for inflation) contains only 

one parameter whose value differs from 0( 1). For example 

f(d) = b&7(4) 

where all couplings in g(d) are O(1). The scalar potential is then V - p’ and the mass of 

4 is M+ - p2MP, etc. More importantly, h also determines both the magnitude of density 

fluctuations produced during inflationrs and the reheating temperature TR (ref. 15). In this 

type of model, the density fluctuations are given by 

b - N lO3p3 N 10-4 - 10-S 
P 

(7) 

so that fi* - lo-’ - lo-’ according to liits on the isotropy of the microwave background”. 

The reheating temperature, on the other hand, is given by 

TR N M~‘*/M~/* E 0.2p3Mp 
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cz ( 6 x 10-l’ - 2 x lo-r3) Mp 

implying that the abundance of gravitinos is 

Y cz lo-” - 4 x 10-m, 

(81 

(91 

below the limit given by eq. (4). 

Given the abundance Y of gravitinos and their decay rate, eq. (l), one can determine the 

time or redshift of decay. The age of the Universe at a given (recent) redshiit can be expressed 

a8 (in = 1) 

t = t,(l +*)-s/2 (10) 

where the present age of the Universe is taken to be to = 2x lO”h-‘s and the Hubble parameter 

is de&red as HO = 1OQh km Mpc-’ s- l. The quantity (1 + z) is related to the background 

temperature by T/To = 1 + z where To u 2.7K is the present temperature. Gravitinos will 

decay when r = t;’ or when 

arnij2 = 2 x lo-‘h (1 + ,Q,))~/* GeV3 

where .s~ is the redshiit of decay. In the rest frame of the gravitino, if we define the energy of 

the photon produced in the decay to be rn3i2/-r (with 7 2 2)and p to be its energy today in 

MeV, then 

P = 103+f-‘ms,2(1 + z~)-l, (12) 

where we are using units such that all maSses are given in GeV. 

A limit to the decay redshift from which an observable gamma flux can originate may be 

inferred from the absorption of the energetic decay photons by ambient intergalactic matter. In 



the energy range of interest for decays to yield gamma rays at present, the relevant absorption 

process near .sd is pair production. The absorption probability is approximately given by 

/ 

SD 
7= a/orcH;‘nc(l+ z) 

0 
“*dz = 3.3 x 10-4f&,h[(l + z~)~/* - I], (13) 

where ar is the Thompson cross-section, a/is the fine- structure constant, and we have adopted 

a flat (fl = 1) cosmological model. Requiring r < 1 in order to observe the decay photons, we 

then constrain 

(1+ ZD) 5 2OOn;*‘sh-*/s 

The energy density of the decay photons today will be given by 

(14) 

CD) = 
PI mslrYn7/(1 + ZD)~, 

and the fraction of critical density of these photons is 

(15) 

n$D,“’ = P$?Pc = 3.8 X 10’m3,2Y/(l + sD)+* 

= 3.8 x 104Y/3/h2. 

We shall be interested in y-rays in the region p = 1 - 100 , and we must therefore compare 

eq.(16) with the observed contribution to R in the r-ray background. The r-ray flux around 

1MeV is about’s 

@ u 1.2 x 10-2/3-3cm-2s-1sr-’ MeV-‘, 

and corresponds to an energy density of 

(17) 

py) N 5 x lo-‘*p-’ MeVemm3; 084 
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or 
nyba) = 4.8 X lo-'Oh-*p-l. Wb) 

Thus in order for the photons produced by gravitino decay to account for the r-ray background, 

we must relate eqs. (16) and (18b) which determine the abundance of gravitinos 

Y E 1.2 x lo-‘4/p* (19) 

As one can see, for p in the range 1 - 10, the abundance of gravitinos given by eq. (19) agrees 

remarkably with the estimated abundance given by inflation eq. (9) and the magnitude of 

density perturbations. 

The requirement that the decay photons survive until today enables us now to set liits 

on p, m312 and Y in regimes where gravitino decays contribute to the -y-ray background. 

Now from eqs. (11) and (12) we can write 

1+ ZD = 730h2/3(a2f3f32y2)-‘. (20) 

In addition we have the requirement that the decay has in fact occurred so that so > 0. 

Combining thii and the limit (14) we obtain 

1.9(flh2/ir)1,3y-1 < p < 27h1/3a-1/37--1, (W 

and 

1.6 x 10-“h-2~3a2~3~2 < Y < 3.3 x 10-1s(nh2/a)-2/3-y2 (214 

These constraints are summarized in Fig. 1 where we have plotted the allowable regions 

in the p - ms,s plane. The limits coming from 1 + %D > 1 are in the upper right-hand corner 

for h = l/2 and 1 are not very interesting. On the other hand, the limits from r < 1 show the 

excluded region in the lower left-hand corner for h = l/2 and h = 1. All results plotted in the 
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figure have assumed 7 = 2. The line perpendicular to the limits represents a range of values 

about o = 1/32r. Depending on the value of the photino mass, o may be much smaller (eq. 

(2) ) (one must then readjust the liits for 7 > 2). 

Photinos themselves may also play an important role in cosmology. For example, photinos 

with a massI in the range’0-‘2 1 - 2GeV would provide a su5cient energy density 30 ss 

to make D = 1. Thii would make photinos a prime candidate for the dark matter of the 

Universe. Annihilations of photinos with mass around 2GeV in the halos of galaxies have also 

been suggested as a source for low energy cosmic ray antiprotons.*’ We have drawn a dashed 

vertical line in Fig. 1 to represent the cut off in the gravitino msss for which thii effect is 

still possible. Our results with regard to the r-ray background however apply to both sides of 

thii line. We con now see that our expected range for Y corresponds rather well to the values 

of p needed to explain a possible feature in the 7-ray background spectrum’* near IMeV, 

and falls within the limits due to photon absorption. All r-ray experiments flown to date m 

the range 1 - 20MeV have con6rmed the existence of a bump in the spectrum of diffuse 7’s, 

and no satisfactory explanation exists .*’ The gravitino mass needed for the proposed decay 

mechanism is fairly unrestricted, although larger masses would require smaller couplings Q. 

Because of the absence of observed supersymmetric particles such as the selectron, most 

standard supersymmetric theories would require m3j2 > 20GeV. Thii is however a tree level 

estimate which is subject to gravitational radiative corrections*r. A mass on the order of a 

few GeV is not unreasonable. There is also a class of supersymmetric theories called SU(N, 1) 

no-scale models** which are particularly attractive in that the only scale put in by hand is 

the Planck scale. The weak scale is then determined through radiative corrections. In these 

models however, the gravitino mass is not necessarily related to the weak scale or the mass 

splittings between particles and sparticles. Hence rn312 is arbitrary, leaving the horisontal axis 

in the figure completely unconstrained. The cross on the figure represents a concrete 

example. For ms/s = 4GeV, a = &, and rnq = 2GeV(7 = 2), decays occur at a redshiit 

1 + so = 103h-*/’ and a contribution comparable to the observed r-ray background will 

appear at p = 2h213(E., = 2h2i3MeV), for Y u 3 x 10-‘sh-4/3. 

The required gravitino abundance lies in the expected range (Q), and we have therefore 

arrived at a specific mechanism for explaining the 7- ray background spectrum near 1MeV. 
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In the model considered here, the LSP is the photino and the next to LSP is the gravitino. 

We would now like to point out that thll mechanism ls more general than this specific choice. 

It is possible for example that ln addition to the photino, other sparticles such as the gluino 

or sneutrino were also lighter than the gravitlno. There are many possiblilities and it ls not 

of interest to go in to all of them in detail, however; we can make some general statements. If 

other sparticles were lighter than the gravitino, the basic effect is to increase the decay rate 

(i.e. effectively increase Q by perhaps an order of magnitude). If these sparticles were glulnos, 

one would be forced to perhaps too low a gravitlno mass to be consistent with rni < m312. If it 

were the sneutrlno, then in addition to the increased coupling, one could allow for an increased 

value of Y depending on the branching ratio of gravitino + 7 + 7 and gravitlnoe i, + Y. Thll 

last possiblility would work even if the photino was not the LSP provided the gravitino was 

heavier than both 5 and c. If rn; < m3/s < m+, this mechanism falls. Finally if the gravitino 

is the LSP then only if the photino is the next to LSP are our results left unchanged; in thll 

case the photino must decay into the gravitino by the same rate as in eq.(l). 

Before concluding, we would lie to point out that the gravitino ls not the unique slowly 

decaying particle. Nearly all models of supergravity employ what is known ss a hidden sector 

ln order to break local supersymmetry. In these models there may be two or more scalar fields 

which couple only gravitationally to our standard low energy world. In the event that there 

are several scalars (which may also interact only gravitationally amongst themselves) it may 

be possible to produce photons of various energies.23 

In summary, a plausible range of parameters (maximum reheating temperature, o, and 

mass m3/s) results ln gravitlnos decaying at high redshit (s - 1000) and producing a possibly 

detectable d&se g-a ray flux near 1 - 10MeV. A most intriguing possiblility is that a 

possible feature in the diffuse g-a ray spectrum near 1MeV could actually be the signature 

of such decays. Far more exotic interpretations of this feature can be found ln the literature*‘. 

Unfortunately, the spectral region near 1MeV is notoriously difficult to observe, and the reality 

of a spectral feature is not unambiguous, nor is the isotropy of the diffuse g-a rays well 

known in this region. We trust that our finding that gravitino decays yield an isotropic g-a 

ray flux will, especially if supersymmetry ls supported by the recent CERN events stimulate 

g-a ray astronomers to renew their efforts to study the isotropy and spectrum of the g-a 

ray background near 1MeV. 
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FIGURE CAPTION 

Figure 1: Constraints in the 0 - m3/2 plane, due to: photon absorption (cross-hatched lines); 

.zg > 0 (solid hatched lime); and threshold for antiproton production from + annihilation2o 

(dashed hatched lime). The diagonal line corresponds to our predicted r-ray yield for Q = 1132s 

and the scaling to other values of Q is indicated. Thii determines an upper limit on Y to be 

read on the vertical scale on the right. Also indicated is the expected range for Y from density 

perturbations y - lo-’ - lo-‘. The cross represents a particular example. 
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